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ABSTRACT 
The need for cleaner and more efficient alternative energy sources is 
becoming urgent as concerns mount about climate change wrought by 
greenhouse gas emissions. Solid oxide fuel cells (SOFCs) are one of the most 
efficient options if the goal is to reduce emissions while still operating on fossil 
energy resources. One of the foremost problems in SOFCs that causes efficiency 
loss is the polarization resistance associated with the oxygen reduction reaction 
(ORR) at the cathodes. Hence, improving the cathode design will greatly enhance 
the overall performance of SOFCs. 
Lanthanum nickelate, La2NiO4+δ (LNO), is a mixed ionic and electronic 
conductor that has competitive surface oxygen exchange and transport properties 
and excellent electrical conductivity compared to perovskite-type oxides. This 
makes it an excellent candidate for solid oxide fuel cell (SOFC) applications. It has 
been previously shown that composites of LNO with Sm0.2Ce0.8O2-δ (SDC20) as 
cathode materials lead to higher performance than standalone LNO. However, in 
  vi
contact with lanthanide-doped ceria, LNO decomposes resulting in free NiO and 
ceria with higher lanthanide dopant concentration.   
In this study, the aforementioned instability of LNO has been addressed by 
compositional tailoring of LNO: lanthanide doped ceria (LnxCe1-xO2,LnDC) 
composite. By increasing the lanthanide dopant concentration in the ceria phase 
close to its solubility limit, the LNO phase has been stabilized in the LNO:LnDC 
composites.  Electrical conductivity of the composites as a function of LNO volume 
fraction and temperature has been measured, and analyzed using a resistive 
network model which allows the identification of a percolation threshold for the 
LNO phase. The thermomechanical compatibility of these composites has been 
investigated with SOFC systems through measurement of the coefficients of 
thermal expansion. LNO:LDC40 composites containing LNO lower than 50 vol% 
and higher than 40 vol% were identified as being suitable to incorporate into full 
button cell configuration from the standpoint of thermomechanical stability and 
adequate electrical conductivity. Proof-of-concept performance comparison for 
SOFC button cells manufactured using LNO: La0.4Ce0.6O2-δ composite to the 
conventional composite cathode materials has also been provided. This 
thermodynamics-based phase stabilization strategy can be applied to a wider 
range of materials in the same crystallographic family, thus providing the SOFC 
community with alternate material options for high performance devices. 
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1. INTRODUCTION 
1.1 Fuel Cells 
As reported by Mauna Loa Observatory1, the rise in CO2 levels is more than 
35% over the amounts recorded before the Industrial Revolution, reaching about 
400ppm. According to estimations2, this concentration is the highest level CO2 in 
the atmosphere in the last 2 million years. Rapid increase in the level of 
atmospheric CO2 will continue unless serious sustainability efforts are made. In 
order to provide sustainable energy production, there is a great need for more 
efficient and environment friendly energy sources.  
One of the best candidates for replacing the conventional energy conversion 
systems is fuel cells, which provide higher conversion efficiency and eco-friendly 
energy. Fuel cells are energy converting devices that convert chemical energy in 
the bonds of hydrocarbon fuels into useful electrical energy at high efficiencies. As 
long as a continuous supply of fuel exists, fuel cells provide continuous generation 
of electrical energy3.  
Different types of fuel cells, as shown in Table 1, are categorized based on their 
ionic conducting layer, namely the electrolyte. The advantages and disadvantages 
of each type of fuel cell and their operation conditions are also outlined in the table. 
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Fuel Cell 
Type 
Operating 
Temperature 
Efficiency Advantages Disadvantages 
Polymer 
Electrolyte 
Membrane 
(PEM) 
50-100°C 
Typically 80°C 
60% 
transportation 
35% stationary 
• Solid electrolyte 
reduces corrosion 
& electrolyte 
management 
problems 
• Low temperature 
• Quick start-up 
• Expensive 
catalysts 
• Sensitive to fuel 
impurities 
• Low temperature 
waste heat 
Alkaline 
(AFC) 
90-100°C 
 
60% 
• Cathode reaction 
faster in alkaline 
electrolyte, leads 
to high 
performance 
• Low cost 
components 
• Sensitive to CO2 
in fuel and air 
• Electrolyte 
management 
Phosphoric 
Acid (PAFC) 
150-200°C 40% 
• Higher 
temperature 
enables CHP 
• Increased 
tolerance to fuel 
impurities 
• Pt catalyst 
• Long start-up 
time 
• Low current and 
power 
Molten 
Carbonate 
(MCFC) 
600-700°C 45-50% 
• High efficiency 
• Fuel flexibility 
• Can use a variety 
of catalysts 
• Suitable for CHP 
• High 
temperature 
corrosion and 
breakdown of 
cell components 
• Long start-up 
time 
• Low power 
density 
Solid Oxide 
(SOFC) 
700-1000°C 60% 
• High efficiency 
• Fuel flexibility 
• Can use a variety 
of catalysts 
• Solid electrolyte 
• Suitable for CHP 
& CHHP 
• Hybrid/GT cycle 
 
• High 
temperature 
corrosion and 
breakdown of 
cell components 
• High 
temperature 
operation 
requires long 
start-up time and 
limits 
 
Table 1: Comparison of fuel cell technologies4. 
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Solid oxide fuel cells (SOFCs), which are the central focus of this thesis, were 
originally designed for stationary applications at high operating temperatures (700-
1000°C). High temperature operating conditions of SOFCs come with benefits 
such as fuel flexibility (ranging from hydrogen to hydrocarbons) due to the ability 
to internally reform fuel and high efficiency, as well as posing disadvantages such 
as high reactivity between the components, difficulty with achieving sealing 
between the cathode and anode sides, limited choice of interconnect materials, 
and long start-up times.  
1.2 SOFC Components 
As shown in Figure 1, SOFCs are composed of mainly three components: 
cathode, electrolyte and anode. Cathode is the positive electrode where the 
reduction of oxygen occurs. The cathode of an SOFC is constructed as a porous 
ceramic layer that allows diffusion of the oxidant gas. The desired properties for 
the cathodes include high ionic and electronic conductivities, and high electro-
catalytic properties, which include high surface exchange coefficients, and low 
barriers to electron transfer reactions. State-of-the-art cathode materials5 are 
usually perovskites, double perovskites, or Ruddlesden-Popper phase materials. 
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Figure 1: Schematic of solid oxide fuel cell components6. 
 
Upon reduction of the oxidant gas in the cathode, oxygen ions are transported 
to the anode side of the SOFC through a dense ceramic layer that only conducts 
oxygen ions. This dense ceramic layer, called electrolyte, should be chemically 
and mechanically stable under both oxidizing and reducing conditions. The ionic 
transference number of the electrolyte material should be close to unity at these 
conditions in order to obtain the maximum efficiency from the SOFC device by 
preventing short-circuiting between the anode and the cathode. Common 
materials for this dense layer are yttria- or scandia-stabilized zirconia, trivalent 
lanthanide cation doped ceria, or earth alkaline- and/or transition- cation doped 
lanthanum gallium oxides. 
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The oxide ions transported through the dense electrolyte layer combine and 
oxidize the fuel on the anode side thereby releasing electrons which are returned 
to the cathode side to participate in oxygen reduction reactions via the external 
circuit, thereby generating electricity. The anode, the negative electrode, is also a 
porous layer that allows diffusion of the fuel stream within the layer. High operating 
temperatures of SOFCs allow fuel flexibility for the device, so that the fuel can be 
hydrogen or any type of reformed hydrocarbon such as reformed natural gas, 
biogas, diesel or alcohols. Due to the high operating temperatures, it is also 
possible to internally reform certain types of fuels. This layer is subject to highly 
reducing conditions of the fuel, therefore the material selection criteria are highly 
limited. The common SOFC anodes are composed of nickel-yttria stabilized 
zirconia or nickel-ceria cermet. 
1.3 SOFC Operating Principles 
 Reduction of oxygen in the cathode requires incorporation of electrons that 
is supplied from the oxidation reaction of the fuel at anode. Through the transfer of 
the electrons from the anode to cathode via the external circuit, electrical power 
can be obtained from the cell.  
 + 4  ↔ 2          (1) 
2
 +  2  → 2
 + 4          (2) 
 The driving force for this overall cell reaction is basically the difference in 
oxygen chemical potentials at the cathode and anode sides. This difference is what 
determines the reversible cell voltage, also called Nernst potential, which is the 
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theoretical maximum potential difference that a cell could achieve for a given set 
of oxidant gas and fuel compositions7,8. Equation 3 describes the theoretical 
Nernst potential: 
 =  ln ,,              (3) 
1.4 SOFC Polarizations 
 Polarization, that is a voltage loss or overpotential, is a function of current 
density. Three types of polarization in SOFCs cause large voltage losses and 
decrease the efficiency. These polarizations are ohmic polarization, activation 
polarization and concentration polarization.  
 Ohmic polarization can be defined as the resistance to electron and ion 
flows in materials9. This polarization can be described by Ohm’s law, assuming a 
linear voltage drop with current density. This ohmic behavior is characterized by a 
material property called resistivity. Resistivity is present in all components of the 
device, as shown in equation 49 below.  
 = !"#" + !# + !# + $%&&'        (4) 
where !", !, and ! are respectively electrolyte, cathode, and anode resistivities,  
#" , # , and #  are respectively electrolyte, cathode, and anode thicknesses and 
$%&&  is the area-specific contact resistance. The dominant term in ohmic 
polarization is usually the electrolyte resistance, especially in electrolyte supported 
cells at intermediate temperatures of operation. For example, at 800°C, the ionic 
resistivity of yttria-stabilized zirconia (YSZ) is ~50Ωcm, whereas the electronic 
resistivities of LSM for cathode and Ni+YSZ cermet for anode are ~10-2 Ωcm and 
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~10-4 Ωcm, respectively9. Therefore, one major improvement towards increasing 
SOFC efficiencies can be made by reducing the electrolyte thickness by depositing 
thin YSZ electrolyte layers (5 to 30 micron) or using electrolyte materials that have 
higher ionic conductivity such as doped ceria or lanthanum gallate. 
 The second type of voltage loss, called activation polarization, originates 
from the sluggish charge transfer processes at the electrode/electrolyte 
interfaces10. These charge transfer reactions are oxygen reduction reaction at the 
cathode and oxidation of the fuel at the anode. Activation polarization at the 
electrodes are microstructure and material dependent processes that are also a 
function of temperature, atmosphere and current density. For reduction and 
oxidation reactions occurring at the electrodes of the SOFC device, the charge 
transfer reactions9 involve gas adsorption (oxidant or fuel) on the surface of the 
electrocatalyst, formation of the ionic species from the gas phase, surface diffusion 
of the ionic species to the electrochemically active area and incorporation of the 
ionic species into the solid electrolyte. The overall rate of the charge transfer 
reactions is set by the slowest step, which is the rate-determining step. These 
charge transfer reactions can be improved through advancements in the 
electrocatalysts and electrode microstructure. 
 Another polarization loss in the cell is concentration polarization9, which is 
due to the resistance to mass transport through the electrodes. Transport of gases 
in the electrodes occurs by multicomponent diffusion. When two gas phase 
species are involved, the effective binary diffusivity is the transport parameter that 
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governs concentration polarization. When humidified hydrogen and air are used 
as the fuel, the governing binary diffusivities are ()) for the anode and (* 
for the cathode. These parameters can be computed from kinetic theory of gases 
and by measuring the porosity and tortuosity of the electrodes or they can be 
experimentally determined. In addition to the binary diffusivity and microstructure, 
concentration polarization is also a function of fuel and oxidant compositions and 
the current density.  
 In Figure 2, an SOFC current-voltage behavior with the aforementioned 
polarizations and the contribution of each component to the overall voltage loss 
are shown for anode supported cells.  The bulk of the polarization loss, especially 
at intermediate and low temperatures and under fuel rich conditions, occur at the 
cathode component. Therefore, advancements in cathode material, composition 
and morphology will vastly contribute overall increase in SOFC efficiencies. 
  
9
 
Figure 2:  Contribution of cell components to cell polarizations11. 
  
1.5 Cathode Materials of Interest 
 The subject of this thesis is to study phase stability of state-of-art cathode 
materials that were identified with high performances. Error! Reference source 
not found. identifies some of these materials with their oxygen surface transport 
parameters, total conductivities and coefficients of thermal expansion. 
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0
 
Material 
Coefficient of 
Thermal 
Expansion 
(ppm/K) 
Total 
Conductivity 
(S/cm) 
Ionic 
Conductivity 
(S/cm) 
Electronic 
Conductivity 
(S/cm) 
 
Oxygen diffusion 
coefficient 
(cm2/s) 
Oxygen surface 
Exchange 
Coefficient 
(cm/s) 
La0.8Sr0.2MnO3-δ 
11.8x10-6 
(900oC) 75 
1.3x102 
(750oC)5 
5.93x10-7 
(900oC)76 
300 (900oC) 75 
1.27x10-12 (900 oC)76;  
3.16x10-16 (700OC)77;  
5.2x10-18 (600oC)5 
1.5x10-11 (600oC) 5 
 
GdBaCo2O5+δ 
28.4x10-6 
(800oC)78 
1.2x102 
(800oC)78 
- - 
3.16x10-9 (700oC)77 ; 
7.0x10-10 (600oC)5 
3.1x10-7 (600oC)5 
La2NiO4+δ 
13 (25-
900oC)79 
5.5x101 -
6.5x101 (500-
750oC)5 
- 48 (800oC)79 
1.5x10-7 (800oC)79 ; 
8.7x10-9 (600oC)5 
2.5x10-6 (800oC)79 ; 
1.7x10-8 (600oC)5 
La0.6Sr0.4Co0.2Fe0.8O3-δ 
17.5 (25-
1000oC)47 
3.33x102 
(800oC)47 
8x10-2 (700oC)80 - 
1.5x10-9 (800oC)81 ; 
1.7x10-10 (600oC)5 
1.1x10-7 (600oC)5 
Table 2:State-of-the-art cathode materials for SOFCs. 
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In this study, the material families that are of interest are perovskite and 
Ruddlesden Popper K2NiF4 –type structures. In this sub-section of the introduction, 
the crystallographic structures of these two material families will be introduced in 
order to provide a guide to the following structure-related discussions in the 
following chapters.  
1.5.1 Perovskite Materials 
 Perovskite-type oxides have the general formula of ABO3 with ideally a 
cubic structure. As shown in Figure 3, the larger A-site cations occupy the cube 
corners, the smaller B-site cation locates in the body center, and oxygen ions are 
placed on the face centers8. The oxygen coordination of A-site and B-site cations 
are 12 and 6, respectively.  
 
 
Figure 3: Schematic of a perovskite structure8. 
 
The Goldschmidt tolerance factor, t, is used to define the stability of perovskites 
  
12
+ = ,-.√0-.           (5) 
where 12, 13, 1 are the Shannon ionic radii12 of the respective ions. When 0.77 ≤
+ ≤ 1, the perovskite structures are stable13. As the Goldschmidt factor approaches 
to unity, higher symmetry and smaller unit cell volumes are achieved. When the 
Goldschmidt factor is unity, the perfect cubic structure is achieved. For t>1, 
hexagonal structures are stable13 and when t<1, the lattice symmetry changes 
from cubic to rhombohedral then to orthorhombic14. 
   
1.5.2 Ruddlesden Popper K2NiF4-Type Materials 
The Ruddlesden-Popper (RP) structure, An+1BnO3n+1, is a layered form of 
perovskite structure. The degree of a RP phase is determined by the number of 
repeating ABO3 perovskite layers terminated by the rock-salt AO layer, as shown 
in Figure 4. This layered framework allows the structure to accommodate a range 
of oxygen hyper-stoichiometry in the interstitial sites of the rock-salt layer in order 
to relieve the compressive stresses of the NiO6 octahedra15,16. 
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Figure 4 Ruddlesden-Popper structure with alternating perovskite and rock-salt layers. 
 The symmetry of the A2BO4 can be either orthorhombic or tetragonal 
depending on the A-site cation, the oxygen stoichiometry, and temperature17. 
1.6 Scope of this thesis 
The main goal of this thesis is to study the thermodynamic stability of perovskite 
and K2NiF4-type cathode materials and identify thermodynamically stable material 
compositions for SOFC cathode applications from within this family. In particular, 
the K2NiF4-structured cathodes, exemplified by La2NiO4 (LNO) present some 
daunting challenges. Specifically, the need to achieve thermomechanical stability 
dictates that the coefficients of thermal expansion (CTEs) of the cathode functional 
layer (CFL) be closely matched with the other components.  This calls for reducing 
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the volume fraction of the electronically conducting LNO in the cathode.  
Unfortunately, reducing the volume fraction of LNO leads to decomposition of the 
LNO phase in contact with doped ceria, the other constituent of the CFL in some 
cases, and loss of percolation of electronic conducting LNO in other cases.  Thus, 
the goal of stabilizing the LNO phase in two-phase mixed conducting CFL layers 
is one critical goal of this thesis. A second critical goal is identifying the percolation 
threshold is in composites with phase-stabilized LNO. 
In Chapter 2, promising SOFC cathode materials presently being pursued 
for their excellent performance in many academic and industrial research labs 
were tested for their thermodynamic stability in eutectic molten salts in air. With 
the molten salt method, the thermodynamic stability of these materials can be 
studied at low temperatures due to fast kinetics of chemical reactions in the molten 
salt environment compared to solid state diffusion. 
In Chapter 3, the decomposition of a highly promising cathode material, 
La2NiO4, in composites of LNO and lightly doped ceria (we refer to the standard 
rare-earth doped ceria with less than 20 mol% rare-earth dopant and used in the 
SOFC electrolyte and composite cathode, as lightly doped ceria) was studied. It is 
shown that in contact with ceria, LNO decomposes into NiO and La2O3.  The La2O3 
that forms dissolves into the ceria phase.   
Chapter 4 provides a thermodynamics-based phase stabilization strategy 
for LNO in composites of LNO and doped ceria. Through compositional tailoring of 
the composite material, the decomposition of the LNO phase can be completely 
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suppressed and the LNO phase can be retained in the two-phase composite. This 
study also led to the identification of the percolation threshold at which acceptable 
electrical conductivity and coefficient of thermal expansion are obtained in LNO 
and doped ceria composites. 
In Chapter 5, the proof-of-concept electrochemical performance of the 
stabilized composite of LNO and doped ceria as the cathode material is discussed.  
Finally, at Chapters 6 and 7, the conclusions from this study were 
summarized and present suggestions for future directions in this materials system.
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2. THERMODYNAMIC STABILITIES OF Ba0.5Sr0.5Co0.8Fe0.2O3-δ, 
Sr2Fe1.5Mo0.5O6-δ AND La0.6Sr0.4Co0.2Fe0.8O3-δ USING MOLTEN SALT 
METHOD 
2.1 Abstract 
 Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), Sr2Fe1.5Mo0.5O6-δ (SFM) and 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) are three, promising cathode materials for 
application in low temperature SOFC systems.  In this work, their stability has been 
tested by equilibrating them in a eutectic molten salt mixture of LiCl-KCl in air. Both 
single-phase BSCF and SFM decomposed into their carbonate and oxide 
precursors in air, but LSCF retained its single phase. This study suggests that 
BSCF and SFM cathode materials are thermodynamically unstable with respect to 
their carbonate precursors in eutectic molten salts in air. 
2.2 Introduction 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), Sr2Fe1.5Mo0.5O6-δ (SFM) and 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) are promising cathode materials for solid oxide fuel 
cell (SOFC) systems operating at intermediate temperatures (600°C -800°C,18–22), 
due to their high electronic and ionic conductivity and facile oxygen exchange 
kinetics. Yet, recent studies23–26 have suggested that BSCF and SFM may be 
thermodynamically unstable in the presence of carbon dioxide. Moreover, recent 
studies27,28 show that LSCF exhibits cation surface segregation, which raises 
concerns about the bulk stability of the material. In this paper, we show that indeed 
BSCF and SFM are thermodynamically unstable with respect to their constituent 
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oxide and carbonate precursors using a molten salt technique. By contrast, molten 
salt studies prove that LSCF is thermodynamically stable material with respect to 
its oxide and carbonate precursors in air.  
 Compared to transport in solid state, transport in molten salts is higher by 
many orders of magnitude. For instance, bulk diffusivity of Fe in LaFeO3 at 1200°C 
is of the magnitude of 10-12 m2/s 29, whereas in molten salts (at around 400°C) 
typical cation-anion diffusivities are about 10-9 m2/s range30. Therefore, kinetics of 
chemical reactions in molten salts are also expected to be much faster even at low 
temperatures than solid state reactions at high temperatures. In that sense, 
decomposition reactions should also be rapid to allow the determination of the 
thermodynamic stability of cathode materials at low temperatures. 
 In addition to decomposition reactions, the molten salt method has also 
been sporadically used for the low temperature synthesis of a large number of 
perovskite and other types of ternary oxide materials31–39. Due to the low synthesis 
temperature afforded by the molten salt method, control of particle size and 
morphology has been 35–40 made possible. Besides perovskites, synthesis of 
materials like BaFe12O19 and SrFe12O19 40, NiZn-ferrite41 and PbNb2O642 has been 
demonstrated. In addition to materials synthesis, this method has been used to 
study phase stability and phase equilibria of materials33,43–45. For instance, 
Gopalan and Virkar45 showed the thermodynamic instability of BaCeO3 and 
SrCeO3 in both NaOH-KOH and LiCl-KCl eutectics in the temperature range of 
390-550°C both in air and in essentially CO2-free air. SrCeO3 was reported to 
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decompose into SrCO3 and CeO2 (in air) and into SrO and CeO2 (upon removal of 
CO2 from air). Decomposition products of BaCeO3 were BaCO3 and CeO2 in both 
presence and absence of CO2. Moreover, Naidu and Virkar44 used the LiCl-KCl 
eutectic to determine the phase diagram of TiO2-SnO2 down to 400°C, which might 
be too slow to study through solid state annealing method due to about 10 orders 
of magnitude difference in cation and anion diffusivities in solid state diffusion 
versus diffusion through the molten salt. 
 As stated by Meng and Virkar33, there are two requirements for testing the 
stability of materials in molten salt: 1) the initial precursors and the final product 
should not react with the molten salt system such that the final product should not 
contain any constituents from the molten salt system –selection of inert molten salt 
system is important; 2) all dissolved components should have uniform and low 
solubility in the molten salt. The expected route for the process includes dissolution 
and diffusion of constituents in molten salt, reaction of the constituents with 
dissolved gases and ionic phases in molten salt, and precipitation of the final 
compounds out of the molten phase upon exceeding the solubility limit45. In the 
molten salt system, the reactants and the final materials are the ones that can be 
investigated. This system is quite complex due to the involvement of the ions from 
the salt that are external to the system of the study. This complexity makes it hard 
to study the intermediate reactions within the molten salt system and, 
consequently, the system does not allow accurate predictions for reaction 
mechanism. 
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The main objective of this study is to investigate the thermodynamic stability 
of the BSCF and SFM under molten salt conditions. Eutectic mixture of LiCl-KCl is 
utilized in this study. The thermodynamic stabilities of BSCF and SFM are tested 
by adding single-phase cathode powders synthesized by high temperature 
calcination, into the molten salt media and analyzing the resulting products by X-
ray diffraction (XRD). 
2.3 Experimental 
The single-phase BSCF, LSCF and SFM were prepared by solid state 
synthesis in air. Their constituent precursors (namely; BaCO3, SrCO3, Co3O4, 
Fe2O3 for BSCF and SrCO3, Fe2O3, MoO3 for SFM) were mixed in stoichiometric 
ratios in ethanol and ball-milled for 24 hours in zirconia ball media. After 
evaporating the ethanol, the mixed precursors were calcined in air at 1150°C for 4 
hours for BSCF and SFM, at 1200°C for 4 hours for LSCF. Single phase formation 
was confirmed by X-ray diffraction. 
The molten salt mixtures were prepared by using a eutectic composition of 
KCl (41 mol%) –LiCl (59 mol%) at Teu= 355°C. The salt to ceramic powder ratio 
was held at 5:1 by weight and the powders were added into the salts, once melting 
had occurred. The temperature of the set up was maintained at least 40°C higher 
than the eutectic melting temperature of the salts. The mixture was occasionally 
stirred and the mixture was maintained at temperature for about 5h. After cooling 
the set-up and freezing the salt, the salt-powder mixtures were washed multiple 
times with distilled water to dissolve the salt away. After completely drying the 
  
20
residue in a drying oven at 70°C, X-ray diffraction patterns were obtained using 
Cu-Kα radiation. 
2.4 Results 
The X-ray diffraction patterns before and after the molten salt experiment of 
BSCF is presented in Figure 5. Figure 5a shows single phase cubic BSCF obtained 
by solid state reaction at 1150oC.  Figure 5b shows the products of reaction in the 
molten salt medium, namely, a solid solution of barium carbonate and strontium 
carbonate that can be fitted to an orthorhombic structure. The presence of alkaline 
earth carbonates is very clear in the resulting XRD pattern after exposure to molten 
salts. The other phases present as can be seen in Figure 5b have been indexed 
to hexagonal-CoO and cubic-Fe2O3, however since they can form structures with 
multiple ionic charge states present, it is possible that other transition metal oxide 
structures including spinels have formed in the product. Nonetheless, it is clear 
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that the XRD pattern after molten salt exposure indicates that BSCF has 
decomposed into alkaline earth carbonates and transition metal oxides. 
 
Figure 5: The XRD pattern of a) BSCF after solid state synthesis (top) and b) after molten 
salt experiment (bottom). 
 
Figure 6 shows the XRD pattern of single phase cubic SFM synthesized by 
solid state reaction and after its exposure to molten salt. The resulting powder after 
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equilibration in the molten salt clearly shows the orthorhombic strontium carbonate 
peaks. 
 
 
Figure 6: The XRD pattern of a) SFM after solid state synthesis (top) and b) after molten 
salt experiment (bottom). 
 
 XRD patterns of LSCF before and after molten salt exposure are shown in 
Figure 7. The peaks of the perovskite LSCF have been indexed as cubic phase 
before the molten salt experiment. No degradation or phase change of LSCF has 
been observed upon its exposure to molten salt environment. 
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Figure 7: The XRD pattern of a) LSCF after solid state synthesis (top) and b) after molten 
salt experiment (bottom). 
 
2.5 Discussion 
Decomposition of the single phase BSCF and SFM powders into their 
constituent carbonates and oxides indicates the thermodynamic instability of these 
cathode powders with respect to their constituent carbonates and oxides in the 
molten salt environment.  Instability of these cathode materials at temperatures as 
low as 400°C, the operating temperature for these experiments, suggest that these 
materials are not suitable for long-term application in fuel cell stacks. Unforeseen 
shut downs during stack operations may cause the cathode material to decompose 
and therefore destroy the cathode microstructure. Specifically, the materials are 
not stable against carbonate formation even in the trace amounts of carbon dioxide 
(400 ppm) present in ambient air. High carbon dioxide concentrations in the air 
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stream, possibly due to leaks from the anode side, might cause degradation of the 
cathode material, which is detrimental to the SOFC operation in long terms. 
 On the other hand, LSCF remained single phase upon exposure to molten 
salt media, which suggests the thermodynamic stability of LSCF as a bulk cathode 
material in air. Even though previous studies indicate Sr cation segregation on the 
LSCF surfaces, through this molten salt work we suggest that LSCF is a stable 
bulk material. 
2.6 Conclusion 
BSCF and SFM are unstable in air in molten salt conditions with respect to 
their constituent precursors. This study suggests unsuitability of these cathode 
materials for SOFC applications. By contrast, LSCF remains stable in air. 
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3. DECOMPOSITION OF La2NiO4 IN Sm0.2Ce0.8O2-La2NiO4 COMPOSITES FOR 
SOLID OXIDE FUEL CELL APPLICATIONS 
 
3.1 Abstract 
 The decomposition of La2NiO4+δ (LNO) was studied in presence of a second 
phase, Sm0.2Ce0.8O2-δ (SDC), for volume fractions of LNO below 55 vol%, after 
sintering at 1300°C for 5 hours. The details of the decomposition reaction were 
studied using a combination of experimental methods including X-ray 
diffractometry, dilatometry analysis and scanning electron microscopy imaging. 
The La2O3 resulting from the LNO decomposition gets incorporated into SDC 
phase leading to doubly doped ceria and the formation of free NiO. 
3.2 Introduction 
Lanthanum nickelate, La2NiO4+δ (LNO), is a mixed ionic and electronic 
conductor that has a combination of high surface exchange kinetics46 and electrical 
conductivity47. It is therefore an excellent candidate for the oxygen electrode of 
solid oxide fuel cells (SOFCs) and solid oxide electrolyzer cells (SOECs), as well 
as oxygen permeation membranes and sensors. It has been previously shown that 
LNO with samarium doped ceria (SmxCe1-xO2-δ, SDC) as SOFC cathode materials 
lead to higher performance than standalone LNO48,49. However, the deployment of 
this composite system to SOFCs as the cathode material requires careful 
compositional tailoring in order to optimize the cathode phase stability and 
performance.  
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Contradictions in the literature about the reactivity of LNO with ceria based 
electrolytes arise from a wide variety of preparation and processing routes of 
individual phases, differences in sintering conditions (temperature and time), and 
compositional variations from one study to another. The LNO synthesis methods 
impact the stability of the LNO phase17 due to varying particle morphologies, which 
influence the contact area between LNO and the electrolyte material. In Error! 
Reference source not found., a summary of the LNO synthesis routes, the 
processing conditions for the LNO-ceria composite cathodes, the reactivity of the 
phases, and formation of third phases is provided. 
Montenegro-Hernandez et al.17 prepared LNO by three different synthesis 
routes (Acetate-hexamethylenetetramine (HMTA) method, citrates method, and 
solid state reaction method), and the LNO reactivity with Gd0.1Ce0.9O2-δ (GDC) 
electrolyte was tested. Mixing equal amounts of LNO with the electrolyte material 
for the reactivity tests, LNO prepared by HMTA method reacts to form 
decomposition products when mixed with the electrolyte materials at lower 
temperatures and for shorter times compared to the other methods. By contrast, 
LNO prepared via solid state reaction method in contact with GDC does not show 
any reactivity after annealing at 900°C for 72h. 
  
  
27
LNO 
preparation 
method 
Fluorite 
phase 
Sample type 
Reaction 
Temperature 
and Time 
Reaction 
Phases 
Reference 
Acetate-
HMTA 
GDC Pellet 900°C for 2h 
NiO and 
RP phases 
50 
Acetate-
HMTA 
GDC 
Porous layer on 
dense fluorite 
substrate 
900°C for 72h 
La2O3 and 
RP phases 
50 
Sol-gel 
synthesis 
GDC 
Composite 
Pellet 
900°C for 24h RP phases 51 
Nitrate-citrate 
route 
SDC, 
GDC 
Porous layer on 
dense fluorite 
substrate 
1000°C for 4h 
Not 
reported 
48 
Nitrate-citrate 
route 
SDC Powder mix 1000°C for 4h RP phases 48 
- GDC 
Infiltration on 
GDC backbone 
900°C RP phases 52 
Solid state 
reaction 
GDC Powder mix 900°C for 72h 
Not 
reported 
17 
- GDC 
Porous layer on 
porous GDC 
interlayer on 
dense YSZ 
1200°C for 1h 
La-deficient 
LNO and 
La-doped 
GDC 
53 
Table 3: Summary of the LNO (La2NiO4+δ) reactivity with doped ceria. 
Montenegro-Hernandez et al.50 reported the decomposition of LNO 
(prepared by Acetate-HMTA method) into its precursor oxides NiO and La2O3, and 
higher order Ruddlesden-Popper (RP) phases when sintered in contact with GDC 
at 900°C. Sayers et al.51 showed reactivity between LNO (prepared by sol-gel 
synthesis technique) and GDC. In their experiments, LNO transformed into higher 
order RP phases upon sintering 50:50 vol% LNO:GDC pellets at 900°C for 24 
hours. No reactivity of LNO (prepared via nitrate-citrate procedure)48 with dense 
ceria based electrolytes were observed at 1000°C for 4 hours. However, the same 
study reported that in the composite electrodes of LNO:SDC (67:33 by vol), higher 
order RP phases were formed.  
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RP phase formation was also reported by Nicollet et al.52 in LNO infiltrated 
GDC backbone. Higher order RP phases formed as a result of partial diffusion of 
lanthanum cations into the GDC backbone upon sintering at 900°C. In a recent 
study with porous LNO layer on GDC, Fluora et al.53 reported the appearance of 
La doped GDC and La deficient LNO at the LNO-GDC interface. TEM studies54 on 
LNO prepared via HMTA method suggest that the region of compositional changes 
from the pristine material begins at the interface of LNO and GDC and then extends 
beyond this region.  
All previous studies were conducted with either equal amounts of LNO and 
ceria phase or more LNO than the ceria phase. However, the composition of the 
cathode, i.e. the volumetric fractions of each phase must be optimized to achieve 
high cathode performance and mechanical stability. Specifically, the requirement 
of achieving a match between the coefficients of thermal expansion (CTE) between 
the layers leads to a prescription of smaller volume fractions of the LNO phase in 
the composite. Thus, in this work, we investigate the suitability of Sm0.2Ce0.8O2-δ: 
La2NiO4+δ (SDC:LNO) composites, focusing on higher volume fractions of ceria 
than LNO. A study of these compositions through dilatometry analysis, scanning 
electron microscopy (SEM) imaging and X-ray diffractometry (XRD) as a function 
of sintering temperature and material composition provides insight into the 
instability of the LNO in the presence of SDC under SOFC cathodic conditions. 
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3.3 Experimental 
Sm0.2Ce0.8O2 (SDC) was purchased from Fuel Cell Materials and La2NiO4 
(LNO) was synthesized through solid state reaction. To prepare LNO, 
stoichiometric mixtures of precursor powders La2O3 and NiO were ball milled using 
zirconia milling media in ethanol for 24 hours. After drying in an oven at 70⁰C, the 
mixed and milled precursors were calcined at 1200°C for 4 hours. The median 
particle size distribution of the LNO was determined to be 1.08 µm, and that of 
SDC 0.3 µm, via Horiba LA-910 Particle Size Analyzer. 
SDC:LNO mixtures with compositions between 34 and 54 vol% of LNO 
(density of LNO= 7.11 g/cm3, density of SDC= 7.15 g/cm3) were uniaxially pressed 
into disk shaped pellets under 45.6 kpsi pressure and were sintered at 1300⁰C for 
5 hours in air. The XRD patterns of single-phase SDC and LNO powders and 
sintered pellets of the composites were obtained using Cu-kα radiation by Bruker 
D8 Discover. 
Dilatometry tests were performed on a Linseis L75VD 1750 Vertical 
Dilatometer to measure the coefficient of thermal expansion of the SDC:LNO 
mixtures. The Linseis L75VD 1750 dilatometer system is equipped with dual 
alumina pushrods and outer tubes and a type B (Pt/Rh) thermocouple. Alumina 
spacers were used during the test between the samples and pushrods.  During the 
measurement, the pushrod is pressed against a sample material with a negligible 
load.  As the sample changes dimension the displacement of the pushrod is 
recorded.  During the dilatometry measurements a constant load of 225mN was 
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applied to each sample for the duration of the test.  All measurements were 
conducted in an air atmosphere with a continuous flow rate of 4L/min. 
For dilatometry tests, SDC:LNO mixtures with compositions between 34 
and 64 vol% of LNO were binderized using poly(ethylene glycol) 400 and poly(vinyl 
alcohol) 205 as a binder system. Two samples were prepared for each composition 
for reproducibility. Each sample was prepared with 0.6 g of the binderized 
SDC:LNO mixtures pressed at room temperature under 23 kpsi in a 6 mm diameter 
die. The samples were first sintered at 1280°C for 30 min. Then, they were heated 
back up and down at 2°C/min to measure the CTE up to 1200°C. No additional 
sintering was observed during this cycle, the CTEs during the heat-up and cool-
down cycle were the same, and no change in length of the sample before and after 
the cycle was observed.  
Scanning electron microscopy (SEM) images of polished samples were 
obtained using Zeiss Supra 40 SEM. For the backscattering electron images, a 
Robinson detector was used. Energy dispersive x-ray spectroscopy (EDS) for 
elemental analysis and mapping was performed on Zeiss Supra 55VP Field 
Emission Scanning Electron Microscopy (FESEM). 
3.4 Results 
Figure 8 shows the coefficients of thermal expansion (CTE) of the 
composite samples along with the end components, namely single-phase SDC 
and single-phase LNO. Samples with high LNO volume fractions (54 and 64 vol.%) 
fit the rule-of-mixtures line, as expected from CTE measurements of mixtures of 
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chemically equilibrated phases. However, for the composites with lower LNO 
volume fractions, namely 34 and 44 vol%, there is a large and anomalous deviation 
from the rule of mixtures line. The reasons for this will be discussed in the section 
4.4. 
 
Figure 8: Coefficients of thermal expansion of single-phase SDC (Sm0.2Ce0.8O2-δ), single-
phase LNO (La2NiO4+δ), and SDC:LNO composites at cooling from 1200°C-100°C. 
 
X-ray diffraction patterns of the sintered pellets of 46:54, 56:44, and 66:34 
SDC:LNO samples are presented in Figure 9. All three diffractograms show 
formation of a new phase, namely, NiO.  In the 66:34 SDC:LNO XRD scan, no 
LNO peaks are discernible suggesting the complete disappearance of the LNO 
phase. These results suggest complete decomposition of the LNO, even though 
no La2O3 peaks can be seen. The reasons for this will be discussed in the next 
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section.
 
Figure 9: X-ray diffraction patterns of SDC:LNO composite pellets that were calcined at 
1300°C for 5 hours. 
 
3.5 Discussion 
3.5.1 Phase Identification through X-ray Diffraction 
Figure 10 focuses on the major (111) peak of doped ceria. Figure 10a is 
that of pure Sm0.2Ce0.8O2-δ while Figure 10b is that in the 66:34 SDC:LNO sample. 
From the XRD scans, the lattice parameter for the single-phase SDC and for the 
doped ceria phase in the 66:34 SDC:LNO composite were calculated to be 5.43 Å  
and 5.51 Å, respectively. This shift in the lattice parameter calculated from the 
(111) peak of ceria signals a change in the composition of the doped ceria. 
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Figure 10: X-ray diffraction (111) peak of (10a) single-phase SDC; (10b) 66:34 (by vol.) 
SDC:LNO composite. 
 
The lattice expansion from 5.43 Å for Sm0.2Ce0.8O2-δ to 5.51 Å for doped 
ceria in the 66:34 composite sample can be explained by the following sequence 
of steps. LNO decomposition occurs through the reaction La2NiO4  La2O3 + NiO, 
and the product La2O3 is incorporated by dissolution into the Sm0.2Ce0.8O2-δ phase, 
thus rendering it a Sm and La-co-doped ceria. The absence of La2O3 peaks 
combined with the appearance of NiO peaks in the 56:44 and 66:34 (SDC:LNO) 
XRD scans further corroborates this reaction mechanism. According to Hong and 
Virkar55, the lattice parameter of rare earth oxide doped ceria can be calculated by 
using a simple model given in equation (6) 
9 = √: 0.99711 + 1           (6) 
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where 1 and 1 are the effective cation and anion radii, respectively. 
Rare-earth dopants are known to be incorporated into the fluorite ceria 
phase according to the following defect reaction written in the usual Kröger-Vink 
notation. 
 
<
 $:
=">?@ A. $="B + :< . C + < D∙∙  (7) 
Thus, the incorporation of two rare-earth dopant cations produces one oxygen 
vacancy.  We use the Hong and Virkar’s model11 to calculate the composition of 
the resulting rare-earth doped ceria phase. Denoting the number of La ions per 
formula unit in the resulting ceria phase as A, we can write the composition of the 
resulting phase as (LaxSm0.2Ce0.8-x)O2-δ.  The number of oxygen vacancies per 
formula unit, δ, according to the point defect reaction above is given by,  
    F =  G A + 0.2     (8)  
Since there is one cation site and two anion sites per formula unit of ceria, the site 
fraction of oxygen vacancies is given by 1 4⁄ A + 0.2 . Assuming random 
distribution of cationic and anionic site occupants, we now write the anionic and 
cationic site radii as the radii of the occupants of the anionic and cationic 
sublattices weighted by their site fractions, i.e. 
1 = A. 1I + 0.2 1J + 0.8 − A. 1="   (9) 
1 = 0.95 − 0.25A. 1 + 0.05 + 0.25A. 1N.∙∙    (10) 
where the radii of the cations and anions are listed in Table 4 below. 
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Ion Shannon Ionic Radius (Å) Reference 
La3+ 1.16 56 
Sm3+ 1.079 56 
Ce4+ 0.97 56 
O2- 1.38 56 
D∙∙ 1.164 55 
Table 4: Ionic radii of the dopant and host species and oxygen vacancy. 
 
Substituting the ionic radii given in Table 4 into equations 9 and 10 along 
with the calculated lattice parameter for doped ceria in 66:34 SDC:LNO sample 
(5.51 Å) into equation 6, the estimated composition of the Sm, La co-doped ceria 
can be calculated as Sm0.2La0.23Ce0.57O2-δ.  
Prior experimental studies57,58 suggest that the solubility limit of rare earth 
dopants in ceria is around 50 mol% (while doped ceria phase retains its fluorite 
structure), with variations around that value depending on the size of the dopant 
ion. The present total dopant concentration of 0.43 per Ce-site is somewhat less 
than the solubility limit observed for singly rare-earth doped ceria phases. 
Moreover, the lattice parameter for highly rare earth doped ceria phases was 
previously found to be 5.5593 Å for 50 mol% La doped ceria 58. Hence, our 
estimated composition of the final ceria phase is within 10% of the reported 
solubility limit of rare-earth doped cerias. 
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3.5.2 Phase confirmation via Electron Microscopy Imaging 
The formation of NiO phase in the 66:34 SDC:LNO sample (1300°C for 5h)  
shown in Figure 9 has been further confirmed with the electron microscopy images 
(Figure 11). In backscattered electron images, phases with higher atomic number 
appear lighter in color due to stronger scattering, whereas those with lower atomic 
number are darker. The NiO grains appear black in the backscattered electron 
microscope image in Figure 11a. A secondary electron microscopy image of the 
same area is provided in Figure 11b to distinguish the sample porosity from the 
NiO phases. 
 
Figure 11: (11a) BSE-SEM and (11b) SE-SEM images of 66:34 (by vol) SDC:LNO pellet 
(calcined at 1300⁰C for 5h). The red circle is one of the NiO precipitates. 
 
In Figure 12, the distribution of different phases on the surface of 46:54 and 
66:34 SDC:LNO samples are presented using SEM-back scattered electron (BSE) 
imaging. The black, dark and light grey areas indicate the presence of NiO, LNO 
and doped ceria phases, respectively. EDS elemental analysis in Figure 6 confirms 
these phases in the 66:34 SDC:LNO sample. NiO phases are present in both 
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samples, which is consistent with the XRD patterns. BSE-SEM images (Figure 12) 
show the presence of LNO phase in abundance in the 46:54 sample, but only in 
small amounts in the 66:34 sample. Even though the XRD pattern of 66:34 
SDC:LNO (Figure 9) does not show any LNO peaks, this seeming contradiction 
can be explained by the variance in detection limits of the two analysis methods 
(about 3% of sample for XRD and 0.5% for EDS). 
 
Figure 12: BSE-SEM images on (12a) 46:54 (by vol) SDC:LNO and (12b) 66:34 (by vol) 
SDC:LNO pellets (calcined at 1300°C for 5h). BSE-SEM images on (12a) 46:54 (by vol) 
SDC:LNO and (12b) 66:34 (by vol) SDC:LNO pellets (calcined at 1300°C for 5h). 
  
Elemental mapping by EDS around the precipitates in the 66:34 SDC:LNO 
sample (Figure 13) confirms the precipitates to be the Ni-rich phases,presumably 
NiO, whereas cerium and lanthanum elements were distributed homogenously 
around them. Elemental mapping does not show regions rich in both La and Ni 
which would be a signature for LNO.   
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Figure 13: Elemental analysis on 66:34 SDC:LNO pellet by EDX. As indicated on the image: 
Cyan for Ni, Purple for Ce, Yellow for La.  
 
3.5.3 La-Sm-Ce-Ni-O Phase Equilibria 
The equilibrium phase mixture of the SDC:LNO composites is a solid 
solution of La2O3 and Sm2O3 co-doped ceria, NiO and LNO (depending on the 
overall composition). This is also consistent with the previously observed 
subsolidus phase equilibria in La2O3-CeO2-NiO system59 at 1200°C, also shown in 
Figure 14. Hrovat et al.14 presents a pseudo-binary tie line between La2NiO4 and 
La0.5Ce0.5O1.75 and concludes that LNO based cathode materials will react with 
ceria based solid solution to form of CeO2  solid solutions and NiO. Although the 
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proposed phase diagram in Hrovat et al.14 is that of a ternary, this phase equilibria 
can be pertinent to SDC:LNO system also, since the ceria lattice is able to dissolve 
many rare-earth cations of similar sizes, and the rare-earth cations exhibit very 
similar chemical properties. 
 
Figure 14: Subsolidus ternary phase equilibria in La2O3 -CeO2-NiO system at 1200°C in air, 
adapted from Hrovat et al.59   
 
Additionally, the Gibbs phase rule can be applied to the SDC:LNO system to 
understand the observed phase equilibria.  
F= C+2-P    (11) 
where F is the degree of freedom, C is the number of components and P is the 
number of phases. The number of components are five, namely, Sm, La, Ce, Ni 
and O. Thus, 
F= 5+2-P or F= 7-P    (12) 
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We have four phases in equilibrium: these include a gas phase and three solid 
phases in the 56:44 and 66:34 SDC:LNO composites, namely,  Sm2O3 and La2O3 
co-doped ceria, NiO, and La deficient LNO. Thus, we have three degrees of 
freedom.  Temperature and pressure take up two of the degrees of freedom, and 
since the composition of the three phases in equilibrium are fixed, namely the LNO, 
NiO, and the Sm2O3 and La2O3 co-doped ceria (doped to the solubility limit of the 
ceria phase), the one degree of freedom left is the exact location in composition 
space within the three phase region, i.e. the overall composition which determines 
the relative amounts of each phase present.  Further work is required to determine 
the exact compositional boundaries of the observed phases. 
3.5.4 Coefficient of Thermal Expansion 
We are now in a position to explain the anomalous behavior of the CTE  in 
Figure 8. To begin with note that the CTE of the end components are 12.6 ± 0.1 
ppm/K for the SDC phase and 14.1 ± 0.1 ppm/K for the LNO phase. Decomposition 
of LNO in samples with high LNO volume fractions does not greatly influence the 
overall volume fraction of phases and thereby the measured trend in CTE values 
is close the rule of mixtures line due to the abundance of the remnant LNO phase. 
By contrast, the smaller LNO volume fractions in the equilibrated 56:44 and 66:34 
SDC:LNO composites resulting from the decomposition and the near 
disappearance of the LNO, lowers the overall CTE below the rule of mixtures line.  
Moreover, the CTE of the 66:34 SDC:LNO sample (12.1 ± 0.1 ppm/K) is 
less than that of single-phase SDC (12.6 ± 0.1 ppm/K) This suggests that the CTE 
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of doped-ceria (the primary constituent in the equilibrated 66:34 SDC: LNO 
composite) is reduced to less than that of the end-component single-phase SDC 
when excess La2O3  formed due to LNO decomposition is incorporated into the 
ceria phase.  
3.6 Conclusions 
Based on these results, mixtures of SDC (with less than 0.2 site fraction of 
Sm) and LNO, result in an equilibrium phase composition of La2O3-Sm2O3 co-
doped CeO2 and NiO at 1300°C. Therefore, compositional readjustments of LNO: 
SDC cathodes resulting in highly doped ceria, NiO with disappearance of 
substantial amounts of LNO, pose long-term degradation risks. 
Previous work has focused on high LNO volume fractions (close to 55 vol%) 
where the effects of LNO decomposition are not pronounced. Even though prior 
workers have identified this composite material system as a promising option for 
SOFC applications, we conclude that integration of this material into SOFC 
systems as the cathode functional layer without substantial re-engineering of the 
compositions will likely result in lowering the SOFC performance for low LNO 
volume fractions. 
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4. PHASE STABILIZATION OF La2NiO4 IN LaxCe1-xO2: La2NiO4 COMPOSITES 
FOR SOLID OXIDE FUEL CELL APPLICATIONS 
4.1 Abstract 
 A new thermodynamic-based design was proposed to improve the stability 
La2NiO4+δ (LNO) in the presence of lanthanum doped-ceria, using heavily-doped 
ceria instead of the lightly-doped ceria widely used in prior art. Phase analysis of 
La2NiO4+δ: LaxCe1-xO2-δ (LNO:LDC) composites (sintered at 1300°C) was studied 
via X-ray diffraction (XRD) as a function of dopant concentration in the ceria phase 
(0.2<x<0.48) and volume fractions of LNO in the composite. Previously studied 
sub-solidus phase equilibria between NiO, La2O3, and CeO2 at 1200°C was used 
as a guideline to study the same phase equilibria at 1300°C and 800°C. A 
thermodynamics-based design for LNO:LDC composites was suggested to 
improve the phase stability of the LNO component. Elemental analysis via 
wavelength dispersive X-ray spectroscopy (WDS) confirmed the chemical 
composition of the stable phases in the composites. The coefficient of thermal 
expansion (CTE) of LNO:LDC composites as a function of LNO volume fraction 
further supported the stability of LNO and LDC (for x=0.4). Additionally, electrical 
conductivities of La2NiO4+δ: La0.4Ce0.6O2-δ composites were evaluated as a function 
of LNO volume fraction between 600-800°C in air. The electrical conductivity 
behavior was then evaluated through the resistive network approach and 
electronic conductivity of LDC and ionic conductivity of LNO were modeled. 
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4.2 Introduction 
 Lanthanum nickelate (La2NiO4+δ, LNO) is an A2BO4-type cathode material 
that draws attention due to its high potential to replace the conventional perovskite-
type cathode materials. This material has excellent oxygen ion conductivity 
through oxygen interstitials on the LaO rock-salt plane and it exhibits good 
electronic conduction within the NiO6 octahedra in its perovskite layers15,16,60–62. 
Additionally, its coefficient of thermal expansion (CTEs)48,63 is more compatible 
with common electrolyte materials (YSZ, rare-earth doped-cerias) than cobalt-
containing perovskite materials5,47. 
 It has been previously shown48,49 that when LNO, a mixed ionic-electronic 
conductor (MIEC), is combined with an ionic conductor, higher performance is 
obtained. Also, by addition of the low-CTE ionic conducting phase, the mechanical 
parameters of the cathode material are better modulated to match with the thin 
electrolyte layer. 
 However, it is discussed in Chapter 3 of this thesis, this composite pair is 
not suitable for high temperature processing conditions and long term operation 
due to cation diffusion from A2BO4 phase into the ceria phase. At low rare-earth 
dopant concentrations in the ceria phase, the A2BO4 phase is unstable and 
decomposes in contact with the ceria phase. It is experimentally observed that the 
lanthanide ion from the A-site of the A2BO4 phase diffuses into the ceria phase 
leading to complete decomposition of the A2BO4 phase at low volume fractions of 
the A2BO4 in the initial composite phase.  Thus, when the rare-earth dopant 
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composition in the ceria phase is below a certain threshold, and the volume fraction 
in the initial composition of the composite is below a certain threshold, no A2BO4 
phase is retained in the final equilibrium composition. 
 The present work introduces a rational, thermodynamics-based 
methodology to stabilize the chemical composition of La2NiO4+δ: LaxCe1-xO2-δ 
composites. In this work, we have studied the phase stability of the composites via 
X-Ray Diffractometry (XRD); the elemental phase analysis via Wavelength 
Dispersive X-ray Spectroscopy (WDS); the coefficients of thermal expansion 
(CTEs) of the composites via dilatometry analysis. 
4.3 LDC:LNO Composite: Material Design Rationale 
 Figure 15 is the proposed sub-solidus phase equilibria between NiO, CeO2, 
and La2O3 (at 1200°C, in air) adapted from Hrovat et al.12. The top region of the 
ternary phase diagram consists of equilibrium tie-lines which represent two-phase 
equilibria between lanthanum doped-ceria and NiO. This suggests that composites 
containing low LNO volume fractions, and with low rare-earth dopant 
concentrations in the ceria phase eventually decompose into NiO and LDC with a 
higher rare-earth dopant concentration at equilibrium. This decomposition 
mechanism was suggested in an earlier study11 for composites of Sm0.2Ce0.8O2-δ 
(SDC20): La2NiO4+δ (LNO). 
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Figure 15: The sub-solidus phase equilibria between NiO, La2O3, and CeO2 at 1200⁰C in air, 
adapted from Hrovat et al.59 
 Briefly our expectation based on the SDC-LNO study, is that in LDC:LNO 
composites in which the ceria phase has low lanthanum dopant concentration,  
precursors of LNO, namely La2O3 and NiO, will form through LNO decomposition. 
The rare-earth oxide, in this case La2O3, will be dissolved into the ceria phase 
thereby increasing its dopant concentration closer to the solubility limit, leaving free 
NiO phase in the system. The LNO decomposition will continue until the lanthanum 
dopant concentration in the ceria phase reaches its solubility limit at the given 
temperature of processing or cell operation.  
 This study examines this hypothesis by increasing the rare-earth dopant 
mol% in the ceria phase, whereby lanthanum diffusion from the LNO phase to the 
ceria phase can be minimized, or even completely suppressed. Figure 16 shows 
the calculated equilibrium volume fractions of LNO at 1300°C, in composites of 
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LDC and LNO, as a function of initial volume fraction ratios of LDC to LNO, and 
lanthanum dopant concentration of LDC. The calculations here are based on the 
assumptions that: (1) the maximum lanthanum dopant concentration in LDC is 
circa 50 mol% La, (2) LNO maintains its tetragonal structure in the composite with 
no molar volume changes associated, and consequently no density changes in the 
final equilibrium phase composition; (3) for every two La cations leaving the lattice, 
stoichiometrically one Ni leaves as well. Based on these assumptions, it can be 
seen that LNO phase can be stabilized in the equilibrium phase mixture, even at 
low LNO volume fractions in the initial phase mixture, by increasing the rare-earth 
dopant concentration in LDC. This estimation is experimentally validated in section 
4.5.1. 
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Figure 16: Estimation of the equilibrium volume fraction of LNO as a function of the initial 
dopant concentration in LDC. 
4.4 Experimental 
 La2NiO4 (LNO) and La0.4Ce0.6O2-δ (LDC) were prepared by conventional 
solid state synthesis method. The corresponding precursor materials (La2O3, NiO, 
CeO2) were mixed in stoichiometric amounts and mixed in ethanol in Zr milling 
media for 12 hours. The dried powder mixtures were calcined at 1200°C for 4 hours 
to synthesize the LNO phase. Doped cerias were calcined in two steps: at 1200°C 
for 5 hours followed by mixing and grinding in a mortar and pestle, then at 1600°C 
for 5 hours. Formation of the single phase LNO and LDC were confirmed via X-ray 
diffraction (Bruker D8 Discover) by using Cu-Kα radiation.  
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 LDC:LNO composites were prepared by mixing the component powders for 
12 hours in ethanol in zirconia milling media. Dried powder mixtures were pressed 
into pellets under 45 kPsi pressure and were sintered at 1300°C for 5 hours in air. 
Table 5 below lists the densities and the molecular weights of the compounds used 
in the composites. For X-ray diffraction analysis on LNO:LDC composites, LiCl was 
used as an internal standard. 
Composition Abbreviation Density 
(g/ml) 
Molecular Weight 
(g/mol) 
La2NiO4+ δ LNO 7.11 400.50 
La0.20Ce0.80O2-δ LDC20 6.90 171.88 
La0.30Ce0.70O2-δ LDC30 6.74 171.76 
La0.40Ce0.60O2-δ LDC40 6.59 171.63 
La0.48Ce0.52O2-δ LDC48 6.48 171.54 
Table 5: Densities and molecular weights of the phases used in volume fraction 
calculations. 
 In order to study of the phase equilibria between NiO, La2O3, and CeO2, 
these precursor oxides were mixed in ethanol in zirconia milling media for 15 
hours. The overall composition of these precursor mixtures were identical with the 
composites that were synthesized and shown in Table 5. Dried powder mixtures 
were initially calcined at 1000°C for 5 hours in air. Then, the calcined powders 
were pressed into disk-shaped pellets under 310 MPa pressure and annealed at 
1300°C for 50 hours in air initially for the first set of the XRD analysis. 
Subsequently, the same pellets were annealed at 800°C for 200 hours in air for 
the second set of XRD analysis. 
 For DC electrical conductivity measurements, LDC40:LNO composites 
were prepared by mixing the component powders for 12 hours in ethanol in 
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zirconia milling media. Dried powder mixtures of LDC40:LNO (10-90 vol% LNO 
fractions) were mixed with poly(ethylene glycol) 400 and poly(vinyl alcohol) 205 
and uniaxially pressed under 800 kPa. The pellets were sintered at 1300°C for 5 
hours to the final size of 1.8 cm x 0.4 cm x 0.3 cm. Silver current collectors were 
applied to the bar samples and measurements were taken between 600-800°C at 
100°C increments in air. 
 Dilatometry tests were performed on a Linseis L75VD 1750 Vertical 
Dilatometer to measure the coefficient of thermal expansion of the LDC40:LNO 
composites. The Linseis L75VD 1750 dilatometer system is equipped with dual 
alumina pushrods and outer tubes and a type B (Pt/Rh) thermocouple. Alumina 
spacers were used during the test between the samples and pushrods.  During the 
measurement, the pushrod is pressed against a sample material with a negligible 
load.  As the sample changes dimension, the displacement of the pushrod is 
recorded.  During the dilatometry measurements a constant load of 225mN was 
applied to each sample for the duration of the test.  All measurements were 
conducted in an air atmosphere with a continuous flow rate of 4L/min. 
 For dilatometry tests, LDC40:LNO mixtures with compositions between 34 
and 64 vol% of LNO were binderized using poly(ethylene glycol) 400 and poly(vinyl 
alcohol) 205 as a binder system. Two samples were prepared for each composition 
for reproducibility. Each sample was prepared with 0.6 g of the binderized 
LDC:LNO mixtures pressed at room temperature under 23 kpsi in a 6 mm diameter 
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die. The samples were first sintered at 1280°C for 30 min. Then, they were heated 
back up and down at 2°C/min to measure the CTE up to 1200°C. 
4.5 Results 
4.5.1 Phase Identification through X-ray Diffraction Analysis 
4.5.1.1 Composites Synthesized Using LDC and LNO as Precursors 
 
 Based on the (111) peak of the XRD patterns of LDC in LDC:LNO 
composites, lattice parameters of the single-phase LDC with the same lanthanum 
dopant concentration as the initial (prior to high temperature annealing) LDC in the 
composite, and the LDC phases in two different LDC:LNO composites, are shown 
as a function of lanthanum dopant concentration in the ceria phase in Figure 17. 
As the lanthanum dopant concentration increases, the lattice constant of the 
single-phase ceria increases in all three cases. 
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Figure 17: Lattice parameters of the lanthanum doped ceria as single phase and as a 
component in the high temperature annealed LDC:LNO composite (1300oC,5h).  
 It can be seen that the lattice parameters of the LDC in the high temperature 
annealed composites are higher than the single-phase LDC. Additionally, as the 
lanthanum dopant concentration in the ceria phase increases, the difference 
between the lattice constants of the single-phase LDC and LDC phase in the 
composites, decreases as the lattice parameters of both the single-phase ceria 
and the composites converge, presumably towards the lattice parameter of the 
lanthanum saturated ceria. These results will be discussed in section 4.6.1. 
4.5.1.2 Composites Synthesized Using NiO, CeO2, and La2O3 as Precursors 
 In order to investigate the equilibrium phase composition of the LDC:LNO 
composites, the sub-solidus phase equilibrium between NiO, CeO2, and La2O3 
suggested by Hrovat et al.59 is used in our study as a rough guideline. The XRD 
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patterns of the precursor oxides that were mixed and calcined (at 1300°C for 50 
hours) in the stoichiometric ratios corresponding to the compositions of the 50:50 
(by volume) LDC50:LNO, 80:20 LDC50:LNO, 50:50 LDC20:LNO, and 80:20 
LDC20:LNO composites are shown in Figure 19. The composites with low ceria 
dopant concentration are expected to exhibit LNO decomposition, whereas the 
ones with high ceria dopant concentrations should stabilize the LNO phase. The 
expected compositions are marked on the ternary compositional triangle shown in 
Figure 18. NiO presence the compositions marked as blue asterisks is expected 
as these are located in the region of two-phase equilibria between LDC 
(undersaturated) and NiO. However, a small amount of NiO was also detected in 
compositions marked with green asterisk which lie on the pseudobinary tie-line 
between LNO and LDC50, suggesting that the actual compositions synthesized 
were slightly NiO-rich and off the pseudobinary tie-line. 
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Figure 18: Anticipated precursor oxide compositions shown on the sub-solidus phase 
equilibria. 
 
 
Figure 19: XRD Patterns of the precursor oxides NiO, La2O3, and CeO2 that were calcined 
at 1300°C for 50 hours. 
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Figure 20: XRD Pattern of the mixtures of precursor oxides NiO, La2O3, and CeO2 sintered 
at 1300°C for 50 hours and annealed at 800°C for 200 hours whose overall composition 
was identical to 50:50 LDC50:LNO; the table shows the change in peak intensity ratios of 
LNO (200) and NiO (111). 
 
 At high dopant concentrations in the ceria phase, i.e. 50 mol% La in ceria, 
(Figure 19a and Figure 19b), the peaks of the lanthanum nickelate phase are clear 
and easily distinguishable. However, at low dopant concentrations, i.e. 20 mol% 
La in ceria, lanthanum nickelate peak intensities are suppressed (Figure 19d), and 
at low volume fractions in the composites they vanish (Figure 19c).  
 Figure 20 shows the XRD pattern of the precursors mixed to obtain the 
same overall composition as the 50:50 LDC50:LNO composite, upon additional 
annealing at 800°C for 200 hours in air. The first point to note is that after the 
1300°C heat treatment, LDC and LNO are the main phases present along with a 
minor NiO phase. The second observation is that after annealing at 800°C, a 
decrease in the intensity of NiO peak and a concomitant increase in the intensity 
of LNO peaks occurs. The inset table in Figure 20c shows the intensity ratios of 
the LNO (200) peak and NiO (111) peak with respect to the LDC (200) peak. After 
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annealing at 800°C, the peak ratio of LNO (200)/ LDC (200) increases while Ni 
(111)/ LDC (200) decreases compared to the same peak ratios after the 1300oC 
anneal. An explanation for this will be given in the section 4.6.1. 
4.5.2 Compositional Analysis Through Wavelength-Dispersive X-ray Spectroscopy 
 Concentration profiles of lanthanum, cerium and nickel across the LDC and 
LNO grains in the composites are shown in Figure 21. The dark grains belong to 
LNO and lighter grains belong to ceria phases. The points in the zoomed-in area 
shows the points chosen for elemental analysis as indicated in the Figure 21b. 
Each point for the analysis is separated by about 2 µm and the probe-size for the 
measurement is about 2 µm. Thus, some overlap within the measurements is 
expected. 
 The scans indicate that the diffusion length is at most 2 microns and within 
the bulk of each grain, the concentrations of the cations correspond to their 
expected bulk values.  
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Figure 21: Concentration profiles of the cations present in the LDC40:LNO composites 
sintered at 1300°C for 5 hours. 
 
4.5.3 Coefficient of Thermal Expansion 
Figure 22 shows the coefficient of thermal expansion (CTE) of LDC40:LNO 
composites as a function of LNO volume fraction. In addition to the CTEs of LDC40 
and LNO single phases, the CTE of LDC48 (La0.48Ce0.52O2-δ) is also shown (at 0 
vol% LNO). To distinguish, CTE of LDC48 is 11.3±0.3 ppm/K and CTE of LDC40 
is 11.3±0.0 ppm/K obtained from averaging the CTEs of two independent pellets.  
 The blue line exhibits the theoretical “rule-of-mixtures” line, which is the 
linear combination of the CTEs of the single phase LDC40 and LNO. The red lines, 
constructed from the standard deviations of the average CTEs of the single phases, 
indicate the upper and lower limits of the rule-of-mixtures line. 
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Figure 22: Coefficient of thermal expansions (CTE) of the LDC40:LNO composites along 
with the single-phase LDC40 and LNO. 
 The CTEs of the composites below 60 vol% LNO fall within the rule-of-
mixtures band defined by the standard deviation of the pure components. At higher 
LNO volume fractions, the LDC40:LNO composite CTEs approach the lower limit 
of the rule-of-mixtures band. Even at 40 mol% La-doped ceria cases, there is still 
room for La cation diffusion from LNO into the ceria phase. As the amount of the 
ceria phase changes within the composite, the ratio of lightly doped ceria (LDC40, 
in this case) to heavily doped ceria (with dopant level higher than 40 mol% La) 
influences the final CTE of the composites.  It can also be interpreted that at high 
dopant concentrations in the ceria phase, the cation diffusion from the LNO phase 
will rather be small due to the smaller chemical potential gradient of lanthanum 
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across the phases. Therefore, the optimum design for a stable cathode material 
can be obtained at higher lanthanum dopant levels in the ceria phase regardless 
of the LNO volume fraction in the composite. 
4.5.4 Total conductivity of LDC:LNO Composites 
Figure 23 shows the electrical conductivities of the LDC:LNO composites 
as a function of LNO volume fraction and temperature. The composites below 40 
vol% LNO, show increasing electrical conductivities with increasing temperature, 
which is a characteristic of thermally activated oxygen vacancy formation and 
transport, consistent with the conducting behavior of cerias.  On the other hand, 
the electrical conductivities of composites above 40 vol% LNO increase with 
decreasing temperature, which is characteristic of metallic electrical conductivity 
behavior. Given these behaviors, for this composite system, the percolation 
threshold is determined at 40 vol% LNO.  
  
59
 
Figure 23: Electrical conductivity of high temperature annealed LNO:LDC40 composites 
(1300⁰C, 5h) as a function of LNO volume fractions, and temperature. 
 In order to be able to physically explain the total conductivity behavior of the 
LDC:LNO composites, the resistor network approach developed for multiple phase 
composites by Wu  et al.64 is applied and shown in Figure 23 as the continuous 
lines.  
4.6 Discussion 
4.6.1 Phase Identification through X-ray Diffraction Analysis 
 As shown in Figure 17, the lattice parameters of the ceria phases in the 
high-temperature annealed LDC:LNO composites are higher than the lattice 
parameters of the single-phase ceria. Note that the lanthanum dopant 
concentration in the single-phase ceria is identical to that in the ceria phase of the 
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composite prior to the high-temperature annealing treatment.  This increase is 
consistent with our hypothesis of lanthanum oxide dissolution into the ceria lattice 
during the high-temperature annealing treatment, resulting from decomposition of 
the LNO phase since the ionic cation radius of La3+(VIII)56, 1.16Å, is larger than 
the Ce4+(VIII)56 radius, 0.97Å.  
 Also in Figure 17, as the dopant concentration in the ceria phase increases, 
the difference between the lattice parameters of the single-phase LDC and the 
LDC in the high-temperature annealed composites decreases. This is due to the 
fact that as the lanthanum dopant concentration in the initial ceria phase in the 
composite increases, approaching the solubility limit, less LNO decomposition and 
lanthanum diffusion into the ceria phase occurs in the composite during the high 
temperature anneal. Prior experiments 57,58 suggest the solubility limit for 
lanthanum oxide dissolution in cerium oxide with cubic fluorite structure at about 
50 mol%.  In the LDC:LNO composites, once the lanthanum dopant in the ceria 
phase reaches the solubility limit, LNO decomposition will be completely 
suppressed. Thus, in thermodynamic equilibrium with the LNO phase, the 
lanthanum dopant concentration in the ceria phase in the high-temperature 
annealed composites will be higher than the starting single-phase, and eventually, 
will reach its solubility limit. 
 At low volume fractions of LNO and low lanthanum dopant concentrations 
of LDC, the amount of lanthanum oxide produced upon decomposition of all of the 
LNO may not be sufficient to saturate the ceria phase. This case is shown in Figure 
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19c, where all the LNO phase is consumed in the composite. This can be clearly 
explained by the following steps as suggested earlier11. During the high 
temperature annealing, in the presence of the ceria phase, lanthanum nickelate 
decomposes into its precursor oxides, La2O3 and NiO, as shown in the equation 
13. 
       P9Q' → P9:  +  Q'         (13) 
The La2O3 resulting from LNO decomposition, is then incorporated into the ceria 
lattice by dissolution, as suggested by equation 14. 
    P9: =">?@  2 P9="B + D. . + 3                 (14) 
which leads to an overall equation such that 
    P9Q' =">?@  2 P9="B + D. . + 3  + Q'     (15) 
 This is confirmed by the ceria lattice parameter change shown in the Figure 
24 for the LDC:LNO composites obtained from the calcination of the precursor 
oxides (1300°C for 50h + 800°C for 200h). The lattice parameter of LDC in the 
80:20 LDC20:LNO composite is much lower than expected since all the LNO in 
the composite is consumed prior to dopant saturation of ceria. This is because the 
80 vol% of LDC20 provides a large sink for lanthanum dissolution. In the 50:50 
LDC20:LNO composite, the amount of LNO is large enough to increase the dopant 
level in the ceria phase closer to its saturation composition. There is only 0.1% 
difference between the ceria lattice parameters of high temperature annealed 
50:50 LDC20:LNO  (5.552 Å) and  50:50 LDC50:LNO (5.558 Å) composites. This 
suggests that the composites that were sintered long enough approach their 
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equilibrium composition. The ceria lattice parameter in the 80:20 LDC50:LNO 
(5.577 Å) composite is higher than that of 50:50 LDC50:LNO (5.558 Å) composite. 
 On a side note, as one may realize, the ceria lattice parameters shown in 
Figure 24 are higher than the ones in Figure 17. This is expected, since the 
mixtures of single-phase LDC and LNO (Figure 17) are calcined at 1300°C only 
for 5 hours, whereas the precursor mixtures (Figure 24) were calcined for 50 hours. 
The latter samples are closer to the thermodynamic equilibrium than the former, 
so that the final concentration of lanthanum dopant incorporated is expected to 
higher in the ceria phase for longer calcination times. 
 
 
Figure 24: Lattice parameters of the ceria phases in the LDC:LNO composites obtained 
from calcination of their precursors at 1300°C for 50 hours and annealing at 800°C for 200 
hours. 
 The change in the intensity ratios of LNO (200) peak and NiO (111) peak 
with respect to the LDC (200) peak, shown in Figure 20c, suggests that after 
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annealing the composite at 800°C for 200 hours, lanthanum oxide is being 
exsolved from the LDC lattice whereupon it combines with the free NiO to re-form 
LNO.  The reactions suggested here are at the operating temperatures of the cell, 
i.e. 800°C, are the reverse reactions of (1) and (2). This suggests an important 
strategy to stabilize the LNO-LDC cathode materials composition: namely, to 
design the cathode composition with a small excess of NiO and with a lanthanum 
dopant concentration in the ceria phase that is slightly below the solubility limit, in 
order to ensure that no free lanthanum oxide is present in the cathode at the lower 
operating temperatures. It is expected that this strategy will minimize long term 
degradation due to in-operando drifts in cathode composition. 
4.6.2 Electrical Conductivity Analysis 
 In Figure 23, using the resistive network model64 (equations provided in 
Appendix A), excellent fits are obtained with the experimental measurements at 
LNO volume fractions lower than 0.4 or higher than 0.9. The discrepancy between 
the model and the experimental values between 0.4 and 0.9 arise from the 
assumptions regarding the pellet porosity as discussed below. 
 The total electrical conductivity can be expressed by the sum of the ionic 
conductivity and the electronic conductivity.  
    S& = ST +  S"      (16) 
 The conductivity contributions of the ionic and electronic species can each 
be expressed as the product of concentration, mobility and total charge of the 
conducting species. Therefore, equation (15) can be expressed as 
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S& = UTVTμT + U"V"μ"     (17) 
 For LDC, one can assume that S&,IX=  ≈ ST,IX= since at high PO2 values and 
temperatures at and below 800°C, the ionic transference number for trivalent 
cation doped ceria is close to unity.  On the other hand, for LNO, the ionic 
conductivity of the material has been shown65,66 to be orders of magnitude smaller 
than its electronic conductivity. Therefore, S&,I*  ≈ S",I* should be a reasonable 
assumption. 
 The pellets for the electrical conductivity measurements were assumed to 
have about 20 vol% porosity on average. As suggested in the model64, porosity 
was assumed to be the third phase (in addition to LNO and LDC) with zero ionic 
and electronic conductivity. In reality, the composite pellets had varying porosity 
both sample to sample and within the same pellet, as shown in Figure 25.  
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Figure 25: Microstructure of the LDC40:LNO conductivity pellets with varying porosity. 
 
 This variation in pellet porosity is the main source of the error in fitting to the 
model. Using the electronic conductivity of LNO, ionic conductivity of LDC and 
average porosity of 20 vol% as input parameters, Error! Reference source not 
found. shows the electronic conductivity of LDC and ionic conductivity of LNO 
predicted from the fitting. 
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Temperature 
(°C) 
Ionic Conductivity of 
LNO 
(S/cm) 
Electronic Conductivity of LDC 
(S/cm) 
800 2x10-2 2x10
-5 
700 1x10-2 2x10
-6 
600 5x10-3 2x10
-7 
Table 6: Predicted ionic conductivity of LNO and electronic conductivity of LDC from data 
modeled using the resistive network approach. 
Approximated ionic conductivity for LNO from experimental plots65,66 are 
3.5x10-2 S/cm (800°C), 1.5x10-2 S/cm (700°C), and 5x10-3 S/cm (600°C).  These 
fits are in excellent agreement with the previously reported experimental data65,66 
for the ionic conductivity for LNO. On the other hand, the electronic conductivity of 
the 20 mol% lanthanum doped ceria has been approximated from the literature67 
as 3x10-4 S/cm (840°C), 3x10-5 S/cm (700°C), and 1.8x10-6 S/cm (600°C). The ionic 
conductivity prediction of LNO obtained from this fit indicates comparable values 
to other state-of-the-art perovskite-type cathode materials, as listed in Table 2. 
Reported values for LDC differ from our fitting results by an order of magnitude at 
all temperatures. The primary reason for this deviation can be attributed to the 
difference in the lanthanum dopant concentration. The LDC used in these 
experiments are close to the lanthanum solubility limit whereas the literature values 
are from lightly doped samples. 
To obtain a precise percolation threshold, the total conductivities of the 
composites were measured at room temperature, as shown in Figure 26. 
Essentially no contribution of the ceria phase to the total conductivity of the 
composites is expected at room temperature because of the oxygen vacancies are 
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expected to be frozen at room temperature. This arises due to two reasons: (i) At 
low temperatures, a large fraction of the oxygen vacancies, D..  form complex 
associates with aliovalent cations, Z="B  , i.e.  
D.. + Z="B  → D..Z="B      (18) 
(ii) Due to high activation energies for vacancy mobility68,69, the remaining free 
vacancies are expected to remain frozen at room temperature. Therefore, the only 
contribution to the total conductivity of the composites at room temperature is 
expected to be electronic transport in the LNO phase. As shown in Figure 26, about 
10 orders of magnitude increase in the room temperature conductivity of the 
composites between 35 and 40 vol% narrow the percolation threshold to this 
range. Thus, from the standpoint of achieving mechanical stability, i.e. CTE match 
with the electrolyte, and adequate electrical conductivity, a 40 vol% LNO 
composite is deemed optimum for application in intermediate temperature SOFCs.  
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Figure 26: Total conductivity of high temperature annealed LDC40:LNO composites at room 
temperature. 
 
4.7 Conclusions 
 In this paper, a thermodynamics based-design has been developed for the 
first time to stabilize the La2NiO4+δ in the La2NiO4+δ: LaxCe1-xO2-δ composites. 
Further, the phase stability of La2NiO4+δ in the La2NiO4+δ: LaxCe1-xO2-δ composite 
system has been thoroughly evaluated through X-ray diffraction analysis, CTE 
measurements and electrical conductivity of the composites. The electrical 
conductivity of the composites has been analyzed using a resistor network model 
developed previously. In addition, this work suggests that this approach can be 
extended to any A2BO4: lanthanide doped ceria composite system due to 
similarities in their crystallographic structure and their chemistry.  
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5. PROOF-OF-CONCEPT ELECTROCHEMICAL PERFORMANCE OF 
La2NiO4: La0.4Ce0.6O2-δ COMPOSITES FOR SOFC CATHODES 
5.1 Abstract  
Composite 44:56 (by volume) La2NiO4+δ: La0.4Ce0.6O2-δ (LNO:LDC40) is used as 
the cathode function layer in button cell arrangements of La0.8Sr0.2MnO3 (current 
collecting layer)/ LDC:LNO (cathode functional layer)/ Sm0.2Ce0.8O2-δ (electrolyte 
barrier layer)/ 8YSZ (electrolyte) / Ni-YSZ (anode). These button cells were tested 
at anode fuel composition of 98.3:1.7 H2:H2O and in air from the cathode side 
between 800-900°C in 50°C increments. At 0.8V, the power density of the button 
cells with LNO:LDC40 cathode functional layer is up to 26% higher for button cells 
with LSM:YSZ cathode functional layer prepared in a similar manner. Upon 
optimization of the microstructure of this cathode functional layer, it is likely that 
even higher performances can be achieved. 
5.2 Introduction 
 La2NiO4+δ: La0.4Ce0.6O2-δ (LNO:LDC40) composites were studied previously 
to stabilize the LNO phase in presence of the ceria phase. It was found that 
lanthanum dopant concentrations closer to solubility limit in the ceria phase 
decreases the driving force for lanthanum diffusion between two phases and 
consequently stabilizes the LNO phase. Below the solubility limit of lanthanum in 
ceria phase, LNO in the composite decomposes to lanthanum oxide and nickel 
oxide; the lanthanum oxide resulting from the LNO decomposition is incorporated 
into the ceria phase until the solubility limit is attained. 
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 Having found a strategy to stabilize the LNO phase in the composite, in this 
short study, we aim to obtain preliminary information about the electrochemical 
performance of the LNO:LDC40 composite as a cathode material in button cell 
SOFC configurations.  While the primary goal of this dissertation was to stabilize 
the two phase LNO:LDC composite and render it compatible with Saint-Gobain co-
firing process, this short study is considered important from the standpoint of 
setting future direction. 
5.3 Experimental 
La2NiO4 (LNO) and La0.4Ce0.6O2-δ (LDC) were prepared by conventional 
solid state synthesis method.  The corresponding precursor materials (La2O3, NiO, 
CeO2) were mixed in stoichiometric amounts and mixed in ethanol and zirconia 
milling media for 12 hours. To synthesize LNO, dried powder mixtures were 
calcined at 1200°C for 4 hours. LDC was calcined in two steps: at 1200°C for 5 
hours followed by mixing and grinding in a mortar and pestle, followed by 
annealling at 1600°C for 5 hours. Formation of the single phase LNO and LDC 
were confirmed via X-ray diffraction (Bruker D8 Discover) by using Cu-kα radiation.  
In order to obtain the composite powder, single phase LNO and LDC were 
mixed in 44:56 (by volume) LNO:LDC ratio (densityLNO= 7.11 g/ml and 
densityLDC40= 6.59g/ml) in ethanol in Zr milling media. The dried and mixed 
LNO:LDC powder was annealed at 1300°C for 5 hours with 3⁰C/min 
heating/cooling rate. After post-annealing milling, the final particle size had a bi-
modal distribution profile with median particle sizes of ~0.2µm and ~3.2µm.  
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Tape slurries for the SOFC components were prepared by mixing the 
composite powder in water with the desired amount of binder. In order to provide 
porosity in the sintered electrode layer, graphite was used as a fugitive pore former. 
The formed tape slurry was homogenously mixed in Zr milling media and cast on 
Mylar sheets. The cast green tapes were dried in air at room temperature for at 
least 12 hours.  
For electrochemical performance evaluation of the LDC:LNO composites, 
full button cells with the configuration: La0.8Sr0.2MnO3 (current collecting layer)/ 
LDC:LNO (cathode active layer)/ Sm0.2Ce0.8O2-δ (electrolyte barrier layer)/ 8YSZ 
(electrolyte) / Ni-YSZ (anode active layer and anode) were prepared. The button 
cells were prepared at Saint-Gobain using proprietary parameters. Pt current 
collectors were used during testing. Air on the cathode side and 1.7:98.3 H2O:H2 
on the anode side were used with the flow rate of 300cc/min.  
The microstructure of the post-test cells was evaluated. The button cells 
were mounted in epoxy resin and cross-sectioned by a diamond saw.  The cross-
sectioned area was polished down to a 0.5μm finish via diamond polishing solution. 
The cells were imaged via back-scattering SEM and analyzed via Image J software. 
5.4 Results and Discussion 
 Figure 27 shows the Nyquist plot of a button cell with LNO:LDC40 cathode 
functional layer (CFL) between 800°C and 900°C in 50°C increments. The area-
specific ohmic resistance is obtained from the high frequency intercept of the 
impedance arcs, shown in Error! Reference source not found., and is consistent 
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with the thermal behavior of the ohmic resistivity of the major components. For the 
electrolyte, 8YSZ, resistivity of the material decreases with increasing temperature 
due to increase in mobility and the number of free oxygen vacancies. Similarly for 
the cathode bulk layer, LSM, the resistance decreases with increasing temperature 
due to the expected small polaron hopping transport. For the anode bulk layer, Ni-
YSZ, the resistivity is expected to increase slightly with temperature as for the 
percolated LNO:LDC cathode active layer (see chapter4). However, as evidenced 
by the overall ohmic resistance, the contribution of the anode and the cathode 
active layer (LNO:LDC) to the ohmic polarization resistance is smaller than the 
other layers. Additionally, contact resistances are expected to be lower at higher 
temperatures due to softening of the metal current collectors. 
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Figure 27: Impedance spectra of the cell with LNO:LDC40 CFL at temperatures between 
800-900°C. 
 
Temperature 
(°C) 
Ohmic Resistance 
(Ωcm2) 
Polarization Resistance 
at OCV (Ωcm2) 
800 0.112 0.481 
850 0.095 0.446 
900 0.076 0.445 
Table 7: Ohmic and polarization resistances of the button cell with LNO:LDC40 CFL. 
 
 Similarly, as shown in Table 7, with increasing temperature, polarization 
resistance of the cell decreases. Overall this behavior is in line with numerous prior 
investigations70–73. This polarization resistance includes cathodic and anodic 
contributions of activation and concentration polarizations. Increasing temperature 
facilitates charge transfer processes, which decreases activation polarization. 
Further increasing temperature also increases binary gas diffusivity (both for the 
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fuel and the oxidant gas), which reduces the concentration polarization. While we 
have not yet performed extensive electrochemical measurements under different 
fuel and oxidant compositions and electrode active layer thicknesses, which would 
be required to tease out the contributions of different polarization components, a 
few definitive conclusions can be drawn. First, the various polarization losses are 
given by74: 
  [\]^\_ = − `abc d^ ef − gg_hi + `abc d^ jf + klb
_ g
klbm_ g_hn           (19) 
  [\]^\\ = − `aoc d^ ef − gg\hi           (20) 
  [_\p = `ac d^ qfb re ggsi + te ggsi
b + ouv    (21) 
 % , % , w& are the anodic concentration polarization, cathodic 
concentration polarization and activation polarization, respectively. x)  and x)  
are the partial pressures of hydrogen and water vapor just outside the anode 
surface. 'y and 'y are respectively anodic and cathodic limiting current densities, 
namely, where the partial pressure of the oxygen (on the cathode side) or the fuel 
(typically hydrogen on the anode side) at the electrode/electrolyte interface is zero.  
It can be shown that the limiting current densities74 can be expressed as: 
  'y = z{ X{|}}~{   and 'y = 
 X|}} ~
       (22) 
  The terms ("and ("stands for the effective binary diffusivities, which 
are functions of the binary diffusivities of the relevant species (H2-H2O for the 
anode, O2-N2 for the cathode), the porosity and the tortuosity of the electrodes, # 
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and # are the thicknesses of the cathode and anode, x  is the oxygen partial 
pressure just outside the cathode surface. 
 At first glance it may appear from the equations 18 and 19, directly show 
that concentration polarization is a linear function of temperature. However, the 
limiting currents also have temperature dependence such that 'y, 'y ∝  since 
the (", (" ∝  from Chapman-Enskog theory of prediction9. This would mean 
that the anodic and cathodic concentration polarizations are not strong functions 
of temperature9. 
 For a given electrode microstructure, the activation polarization decreases 
as a function of temperature due to the increase in the exchange current density. 
The exchange current density of the electrodes depends on their microstructure 
as well as the inherent ease of oxygen reduction on a given cathode material. 
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Figure 28: Electrochemical performance of LNO:LDC40 cells between 800-900°C. 
  
 In Figure 28, the consequences of the polarization losses discussed above 
can be seen on the performance of the cell. Increasing temperature results in 
higher power densities due to decreases in all types of polarization losses. In 
Figure 29, performance comparison of the cell with LNO:LDC40 CFL with a 
baseline cell with LSM:YSZ CFL  at 800°C is shown. At 800°C and 0.8 V, the power 
density of the best cell with LNO:LDC40 CFL is 26% higher than a similar cell using 
traditional LSM-YSZ CFL prepared in the same way. Additionally, as it can be seen 
at high current densities, the cell with the LNO:LDC CFL shows diffusion limited 
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behavior, This correlates well with the cross-sectional microstructure of a cell 
featuring the LNO:LDC40 CFL in Figure 30. 
 
Figure 29: Performance comparison of LDC40:LNO cells with the LSM:YSZ baselines. 
  
 The microstructure analysis of the tested cell reveals an average CFL 
porosity of 15.2% with a layer thickness of 38μm. By contrast, the porosity of the 
CFL in a baseline cell is 20%. The average grain size for the LNO and LDC phases 
is measured to about to be same 4.5μm. For this reason, the grain size of LDC 
cannot be accurately reported. The microstructure of the composite appears quite 
homogenous. 
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Figure 30: Microstructure of the LNO:LDC40 cathode functional layer. 
  
 The screen-printed SDC20 interlayer well adhered to both the electrolyte 
and the CFL. The average porosity and the thickness of the SDC20 interlayer were 
measured to be 6.4% and 3.5μm, respectively. This barrier layer was screen-
printed for to prevent the interface of the CFL and YSZ from forming unfavorable 
reaction products such as insulating lanthanum zirconate phases. The key 
observation here is that despite the limited porosity in the LNO-LDC CFL (15.2%) 
compared to the baseline used (20%), at a practical operating voltage of 0.8 V, the 
LNO-LDC CFL resulted in a 26% higher power density, which is strongly 
suggestive of much decreased activation polarization of the LNO-LDC CFLs 
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compared to LSM-YSZ.  Further, the peak power density of the LNO-LDC cell (653 
mW/cm2) is also greater than the LSM-YSZ cell (633 mW/cm2).  These results 
suggest that the improvements in the LNO-LDC cell may be even greater at lower 
temperatures and show significant margin for power density improvements once 
careful control of the microstructure through judicious choice of processing 
parameters is achieved.  This will also require a far more detailed deconvolution 
of the polarization losses, which was not a central focus of this work. 
5.5 Conclusion 
 In this study, preliminary electrochemical performance test results of the 
button cell with LNO:LDC40 composite cathode were obtained. At 800°C and at 
0.8V, the power density of the cell with LNO:LDC40 cathode was shown to be up 
to 26% higher than a cell with LSM-YSZ cathode. The microstructure of the cell 
shows insufficient cathode side porosity of about 15% with coarse grains of LDC 
and LNO (compared to the baseline porosity of 36%). It is clear that major 
improvements are needed and possible in order to optimize the performance. 
However, this preliminary study shows that the LNO:LDC CFL is indeed a 
promising candidate for high temperature co-fired cells. Microstructural control 
achieved through judicious choice of processing parameters and careful 
deconvolution of cell polarization losses are required to realize the promise of 
LNO:LDC CFLs.  
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6. CONCLUSIONS 
• In the study presented, it has been shown that BSCF and SFM are unstable in 
air in molten salt conditions with respect to their constituent precursors. By 
contrast, LSCF remains stable in air. This study suggests unsuitability of these 
cathode materials for SOFC applications.  
• Complications in rare-earth doped ceria – LNO materials system which have 
not been fully addressed in prior work have been thoroughly addressed in the 
present work. Specifically: 
• It has been shown that LNO decomposes in presence of lightly doped 
ceria phases. Particularly, mixtures of SDC (with less than 0.2 site 
fraction of Sm) and LNO, result in an equilibrium phase composition of 
La2O3-Sm2O3 co-doped CeO2 and NiO at 1300°C. Therefore, 
compositional readjustments of LNO: SDC cathodes resulting in highly 
doped ceria and NiO with the concomitant disappearance of substantial 
amounts of LNO, pose long-term degradation risks. 
• The phase stability of LNO in LNO:doped ceria composites was 
achieved through compositional modifications of the material system. 
The LNO phase was stabilized by increasing the rare-earth dopant 
concentration of the ceria phase, as demonstrated in LNO:LDC40 
composites. This strategy made possible the processing of LNO:LDC 
composite cathodes at higher temperatures and lower volume fractions 
of LNO,  which is required from the standpoint of achieving 
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thermomechanical stability of the multilayer structure, than achieved in 
prior work. 
• Preliminary electrochemical performance of LDC40:LNO composite cathode 
material has been obtained. Power density (at 0.8V) of SOFC button cells 
constructed with LNO:LDC40 cathode functional layer (CFL) was improved by 
26% compared to the cells with LSM:YSZ CFL at 800°C.  
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7. SUGGESTIONS FOR FUTURE WORK 
This study identifies the thermodynamic stability issues with several state-of-the-
art cathode materials for SOFC applications. Further, a thermodynamics-based 
methodology to stabilize the chemical composition of the LNO: rare-earth doped 
ceria composites have been suggested for the first time. Even though this work 
identifies an innovative strategy for development of thermodynamically stable 
cathode material compositions, this material system requires deeper 
understanding about the nature of the composite and compositional optimization 
before implementing to real SOFC cathode systems. Directions for future work in 
this area include: 
 
• A study of the Ln-doped ceria- Ln2NiO4 pair with changing Ln-dopant, ceria 
dopant composition and relative volume fractions of each phases. 
Specifically, the role of the Ln cation in stabilizing this materials system and 
its effect on the electrical conductivity and activation polarization is of great 
scientific and technological interest. This chemical optimization can be 
made initially through computational modeling, particularly density 
functional theory (DFT), followed by experimental studies of the composite 
systems.  
• One major advantage of this composite cathode material comes from its 
excellent MIEC properties compared to other state-of-the-art cathode 
materials. Oxygen surface exchange parameters and oxygen chemical 
diffusion coefficient are important parameters that ultimately determine the 
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performance of a given cathode material. Additionally, electrical 
conductivity of the optimized system should be investigated as a function of 
temperature and oxygen partial pressure. 
• Decomposition potential of the selected composites should be determined 
in order to understand the application limitations. For SOFC cathode 
application, it is desirable that the material should be stable at PO2 down to 
10-6atm. 
• Understanding the defect chemistry of the composite system will help 
tailoring the composition while selecting the nature of the cations or co-
dopants for the composite material. Thermogravimetry for oxygen non-
stoichiometry coupled with electrical conductivity measurements as a 
function of temperature and PO2 will help in understanding the defect 
structure of the composite. 
• Microstructural optimization of the cathode functional layer is needed for the 
optimum performance. In particular, the role of the interfaces of the two-
phases on the electrochemical properties of the cathode is of great interest 
to maximize the performance of the cathodes. 
• For implementation to SOFCs, selection of the barrier layer plays an 
important role in order to prevent formation of undesired reaction products.  
Instead of using SDC20, a composite of LNO: highly doped ceria can be 
used with a non-percolated LNO.  
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• Alternatively, without the need of an interlayer, the composition of the 
composite cathode can be tailored to be chemically   compatible with YSZ. 
A-site deficient Ln2NiO4 can be considered in the cathode for direct contact 
with a YSZ electrolyte; the feasibility of such an approach from the 
standpoint of thermodynamic stability of should be investigated. 
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APPENDIX A 
The equations used for the resistor network approach 64 can be expressed as: 
     AG = G      (A1) 
     A = G     (A2) 
where x1 and x2 are relative volume fractions of phases 1 and 2 in a pore-free, 
two-phase electrocatalyst-ionic conductor composite and x1 + x2 = 1.  
p1 and p2 can be obtained from parameters x2 and p (volumetric porosity):  
     xG = 1 − x1 − A   (A3) 
     x = 1 − xA     (A4) 
The effective electronic conductivity of the porous electrocatalyst-ionic conductor 
composite is: 
     S " = |-|-|      (A5) 
   G" = 31 − x1 − ASG" + AS" − SG" + S"  (A6)  
   " = 4SG"S"31 − x − 1     (A7) 
The effective ionic conductivity of the porous electrocatalyst-ionic conductor 
composite is: 
     S T =
-t-  
     (A8) 
where  
   GT = 31 − x1 − ASGT + AST − SGT + ST  (A9) 
   T = 4SGTST31 − x − 1      (A10)
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